This study aimed to design an uncomplicated, reliable, technologically simple and low energy consuming decentralized wastewater treatment system using kaolinitic soil-clay fortified with stone pebbles to enhance the permeability to water. Soilclay samples were obtained from different deposits in Nigeria viz: Auchi (AU), Ozanagogo (OZ) and Ubulu-Uku (UB). The geochemical analysis of the soil-clay samples was done using an atomic absorption spectrophotometer (AAS). The mineralogical analysis, studied with an X-ray diffractometer, revealed the presence of kaolinite as the domineering clay mineral present. Illite was also found in the clay OZ and AU (6.50% and 0.50%, respectively). Composite wastewater samples were obtained from brewery, textile and polymer industries. Performance efficiency studies were conducted to determine the best combination ratio of pebbles/soil-clay. Soil-clay fortified with pebbles in combination ratios of 1:3 (i.e., pebbles: soil-clay = 1:3 [w/w]) showed optimum water treatment while the combination 3:1 gave the least. The flow rate studies showed that the wastewater had a longer residence time in non-fortified soil-clay than in fortified soil-clay. Two modes of treatment methods were employed: single and double column treatment (SCT and DCT). The two methods gave effluents with goodquality characteristics but those from the DCT were of better quality. The quality of effluents also varied from one fortified column to another. The fortified column containing OZ exhibited the best performance while UB showed the least performance in the entire treatment processes. Results obtained from the studies on the effects of repeated use on the performance efficiency of the fortified soil-clay showed that the pH of effluents decreased with time toward acidity; the amount of TS also decreased with time; and, as the COD value increased, depletion in the DO was also recorded.
Introduction
Industrialization has continued to threaten freshwater resources because industrial activities are synonymous with huge demands for freshwater. Industrial use accounts for around one-quarter of worldwide demand (Judd 1999) . Such demand has led to increasingly stringent environmental legislation and associated escalating costs of water supply and discharge. Owing to the enormity of freshwater required for industrial processes and limitations on continuous dependence on this singular source, wastewater reuse is an option that is being accorded serious consideration by professionals in water industries. The reuse option is impeded by the stringent environmental legislation and high cost of treating wastewater to the level of reuse. Recycled wastewater could serve as a medium for solvents and heat transfer in industries. Large volumes of water and relatively low water quality are required for cooling processes but much higher quality water is needed for boiler operations and as a solvent because of the high deleterious effects of pollutants in the boiler systems. The higher water quality required for some industrial operations has imposed a higher process cost for recycling, but the endproduct water is nonetheless required only for physical heat transfer (Judd 1999) .
Owing to the high cost necessary to recycle water for reuse, many industries opt for the use of freshwater which has continued to deplete the available water for domestic consumption. To stem this tide, an affordable recycling option is required for industries to fully embrace the wastewater reuse option.
An array of materials has been explored as a low-cost treatment system for industrial wastewater treatment. It has been reported that peat is effective in the removal of textile dyes (Poots et al. 1975; Stephen et al. 1988) , pesticides (Brown et al. 1979; Williams and Crawford 1983; Cloutier et al. 1984) , heavy metals (Coupal and Lanlancete 1976) and oily compounds (Mathavan and Viraraghavan 1989) . Some applications using wood bark and peat have also been reported for both physicochemical and biological wastewater treatment (Lens et al. 1994) . Burton (1959) and Lightsey et al. (1976) reported positive results, respectively, for redwood and pine bark as a trickling filter material treating effluents from canneries and sewage disposal plants. Wood chips have also been used as a filtration material to remove polynuclear aromatic hydrocarbons from coke industry wastewater (Hendriks et al. 1988) .
Some materials introduced in low-cost treatment options have been effective but a more efficient material is required if stringent requirements for industrial wastewater reuse are to be met. Varieties of materials have been used as percolators in the treatment of domestic and industrial wastewater but the use of on-site soil as percolator material is restricted by soil permeability (Brooks et al. 1984) . Clay is one component of soil known to have low permeability to water. Therefore the low permeability of clays could require an artificial support for use in columns (Bailey et al. 1999) . Clays are composed of particles less than 2 µ, which place them within the limits of colloidal state (Gillot 1968) . They have unusual physicochemical properties because of the combined influence of two factors: high specific surface area and electrical charge on the basic silicate structure of the clay mineral. These unusual physicochemical properties of clays are responsible for their high adsorptive power and cation exchange capacity, which can be harnessed for wastewater purification. It is on this premise that an alternative low-cost treatment system using fortified kaolinitic soilclay is being explored for the treatment of industrial wastewater for reuse in industries or safe discharge.
Materials and Methods

Soil-Clay Samples
The three soil-clay samples used in this work are of the sedimentary type. Sedimentary kaolin deposits are known to occur in Nigeria mainly as beds, lenses or bands within the cretaceous and tertiary sedimentary sequences in Sokoto, Benue, Chad and particularly the Niger-Delta basins (Emofurieta and Salami 1988) . The deposits are located in southwestern Nigeria. In this area, the rainfall (1600 mm annually) and temperatures (22-27.5ºC ) are moderate to high as is typical of a tropical region (Emofurieta et al. 1992) . The various locations where soil-clays were collected were: Auchi, Oza-Nagogo and Ubulu-Uku and the codes used in their identification are AU, OZ and UB, respectively. The soil-clays were air-dried, pulverized and sieved with a standard laboratory sieve of 425 µ.
Stone Pebbles
It is known that water does not percolate through soilclay easily. As soil-clay was meant for use in the study it has to be fortified with stone pebbles to aid water percolation. Erosion-smoothened stone pebbles that could withstand environmental weathering were obtained from the northern part of Edo-State, Nigeria. The pebbles having 2.0 to 2.1 cm diameter were washed with tap water and then with distilled water to remove any attached dirt.
Wastewater Samples and Sampling Technique
The wastewater samples used for the study were obtained from three different industrial sources: a brewery and a natural rubber processing factory located in Benin-City, Edo-State, and a textile factory located in Asaba, DeltaState. Wastewater was collected from the inlet pipe of conventional treatment plants of the various industries. Industrial wastewater samples were collected in 20-L plastic containers from different sources at hourly intervals starting at 7:00 a.m. and ending at 7:00 p.m. The flow rate of each collection was measured with a flow meter and noted. At the end of the sampling period, a single composite sample was made by mixing together the twelve separate hourly samples using volumes proportional to their flow rates.
Analysis
The pH determination was carried out in the field and the dissolved oxygen was also fixed as recommended by the Standard Methods (APHA 1985; Ademoroti 1996b) . Analysis of the various parameters was commenced as soon as the samples were brought to the laboratory.
All the samples were analyzed for turbidity, total solids (TS), dissolved solids (DS), suspended solids (SS), dissolved oxygen (DO), chemical oxygen demand (COD), biochemical oxygen demand (BOD), total Kjeldahl nitrogen (TKN), ammonia nitrogen (NH4 + -N), nitrate nitrogen (NO3-N) and total coliform bacteria (TCB) as described in the Standard Methods for the Examination of Water and Wastewater (APHA 1985) and Standard Methods for Water and Effluents Analysis (Ademoroti 1996b ).
Mineralogical and Geochemical Characterization
A Diano 2100*E X-ray diffractometer was used for the mineralogical studies. X-rays were produced by a tube with a copper anti-cathode (? = 1.54 Å). The computer software XSPEX version 5.41 was used in the interpretation of the diffractogram obtained. The results obtained are shown in Table 1 . For the geochemical studies, samples were digested in a polypropylene bottle using a mixture of analytical grade of concentrated HF, HCl and HClO4 (in the ratio of 3:2:1). The elemental analysis of the digested solution was carried out using AAS. The oxides of the elements analyzed are shown in Table 2 .
Performance Efficiency Studies
In these studies, an attempt was made to determine the best combination ratio of stone pebbles to soil-clay to produce optimum water purification. Different combination ratios (w/w) based on a constant weight of one kilogram (1 kg) of the pebbles/soil-clay mixtures were measured out. The different ratios were mixed together and carefully packed into a column of 30 cm in length and 7.5 cm in diameter. For uniformity in column packing, assurance was made that the percolator length was kept within the 22 cm mark on the column. The packed column was used in the treatment of the wastewater by applying 500 cm 3 of the raw sample of rubber processing wastewater. The influent was allowed to pass through by gravity flow and the effluent collected was analyzed. For quick analysis, chemical oxygen demand (COD) was chosen to assess the degree of purification as low values of COD, BOD and SS are indices for purification (Ademoroti 1980) . The percentage COD reduction was calculated for each combination ratio and the one that gave optimum COD reduction was chosen for the remaining studies.
Flow Rate Studies
Studies were carried out to determine the residence time of the wastewater in each percolating media. To each of the fortified clay (1:3, pebbles/soil-clay) and non-fortified soil-clay columns, 500 mL of distilled water was applied. The time taken to collect 100 mL from each media was noted using a stop clock. The experiment was performed in triplicate and the mean value of the results was calculated and taken as (t). The flow rate (Q), expressed as the volume of liquid passing through per unit time, was determined using the formula:
where V is volume of liquid (100 mL) passing through the system during time, t (s).
Wastewater Treatment Studies
Pebbles were mixed with soil-clay in the ratio of 1:3 based on the results from performance efficiency studies. The soil-clay and pebbles were mixed and packed as described previously under the performance efficiency studies. The packed column was flushed several times with distilled water to wash off all organic debris present in the soil-clay and to allow for maximum swelling to occur. This was continued until clear water effluent was obtained. The influent loading started 24 h after the flushing of the fortified clay column with distilled water. This was done to allow the column to drain completely. Two modes of treatments (single and double column treatments) were employed in the treatment studies.
Single column treatment (SCT).
The single column setup is shown in Fig. 1 . In order to assess the treatment potential of each fortified clay column, a litre of the wastewater sample was made to pass through by gravity flow. The treated effluent was collected and analyzed for various water characteristics.
Double column treatment (DCT).
The percolating media were prepared and two columns were set up and connected in series as shown in Fig. 2 . The wastewater treatment was carried out by allowing the wastewater (1 L) to pass through the multiple columns connected in series. The effluent was collected and analyzed for water characteristics. Effects of repeated use of fortified soil-clay on its performance efficiency. Only the DCT was used for these studies because effluents of better quality characteristics were obtained from this mode of treatment. Wastewater was continuously applied for a period of ten days from an overhead plastic container. Treated effluent from each percolating media was collected daily for the period of ten days and each daily collection was analyzed for various water characteristics (pH, TS, DO and COD).
Results and Discussion
Mineralogical and Geochemical Characteristics
The results of the mineralogical analysis (Table 1) revealed kaolinite as the predominant clay mineral in all the soil-clays studied (AU 12.00%, OZ 66.00%, UB 14.00%). Illite was found in OZ (6.5%) and AU (0.50%). Hematite was present as a contaminant in OZ (2.50%). Varying amounts of quartz were present in all three clay samples investigated. The geochemical analysis confirmed the hydrated aluminosilicate nature of the clay, as SiO2, Al2O3 and structural water (H2O + ) were found to be the main chemical constituents of all the clay samples studied. The presence of other elements (i.e., P, Na, K, Ca, Mg, Mn, Fe and Ti), though in trace quantities, were also ascertained from the geochemical studies.
Performance Efficiency Studies
The results of the combination ratios are presented in Table 3 . It was observed from the percentage reductions of the COD values obtained in Fig. 3 for the different combination ratios that the pebbles to soil-clay ratio (1:3) showed the highest percentage reductions of COD (78.15%-95.98%) for all the soil-clay samples studied. The combination ratios (3:1) showed the least percentage reductions. This revealed that the higher the ratio of soil-clay to pebbles in the combination ratio, the higher the treatment efficiency of the system. An attempt was made to increase the combination ratio of soil-clay to pebbles beyond the adopted ratio but permeability of the system was reduced. This could lead to stagnation of the wastewater on top of the percolation media and subsequent clogging of the clay pores.
Flow Rate Studies
The results obtained from this study are presented in Table 4 . In this study the flow rates of columns containing the adopted combination ratio (1:3 pebbles:clay) were compared with those containing only soil-clays. In order to obtain 100 mL of effluent from the media, the rate of percolation of wastewater could be arranged in this order: UB > AU > OZ. UB had the highest flow rate and consequently the lowest residence time, while OZ had the lowest flow rate and the longest residence time. In soilclay columns that were not fortified with stone-pebbles the flow rate was generally lower than that of fortified soil-clay columns.
An overview of the flow rate studies showed that the residence time of water in each media had a direct relationship with the mineralogical assemblage and the amounts of clay minerals present in each media. The clay minerals found in the three clay samples investigated are kaolinite and illite. Kaolinite is not swelling clay but illite shows intermediate swelling between kaolinite and the swelling clay (smectite). Swelling reduces the pore spaces in clay structure, which in turn affect the permeability to solvents. The higher the swelling rate of any clay type when soaked in water, the lower the permeability and the higher the residence time of solvent in it. Clay types UB and AU contain mainly kaolinite, which is responsible for the short residence time of water in them but the presence of illite (0.50%) in AU could be adduced for the higher residence of water that passed through it. OZ contained 66% kaolinite but the presence of 6.5% illite could be the reason for the residence time of effluent from the medium packed with OZ clay type to be longer than that of UB and AU.
Wastewater Treatment Studies
When the samples of industrial wastewaters were treated using both the single and double column treatment, an improvement in all the quality characteristics monitored was noted (Tables 5-10 ). After the passage of each of the wastewater samples through the fortified soil-clay column, the highly turbid wastewaters became clear in appearance. Of the three soil-clays used (i.e., OZ, AU, UB), OZ exhibited the best potential in ability for pollutant removal. This was followed by AU and UB. OZ ability could be attributed to the presence of a high clay fraction in the sample (i.e., 66.00% kaolinite and 6.5% illite). Though AU had the lowest amount of clay (12.00%) the presence of a small amount of illite (0.5%) also confers a better treatment potential than UB (14.00%). Illite is known to have better cation exchange capacity than kaolinite (Brady 1984) . A careful appraisal of the performance of the different fortified soil-clay columns showed that over 90% of the total solids were removed from the wastewater applied. A survey of the percentage reductions of both the COD and BOD values for each effluent from the different fortified media showed that it was above 80% in the SCT and above 90% in the DCT. A survey of studies on decentralized wastewater treatment systems using different on-site materials as percolators showed that ditched peat land has been effectively used to treat wastewater from small villages in Finland (Kampi 1971; Suraka 1971) . Reed beds have also been used in the treatment of industrial waste in Britain (Adcock et al. 1999) . A natural process for the treatment of wastewater in Japan known as the Shimanto-Gawa system has also been reported to perform effectively in the physicochemical treatment of wastewater (Matsumoto 1998) .
The least total nitrogen removal by the entire fortified soil-clay column was about 60%, while the least percentage reduction of ammonium-nitrogen (NH4-N) was about 90%. Nitrate-nitrogen (NO3-N) showed the least percentage reduction (about 50%). Nitrate-nitrogen is anionic in nature. From the structure of clay minerals, anions are expected to be repelled from the surface of the negatively charged minerals but its presence at the clay surface has been reported (Yariv et al. 1966) .
The results obtained from the various studies showed that more than 90% of total bacteria were removed from each of the effluents from the different columns. The performance of the fortified clay in this study is traceable to the fact that bacteria behave like charged particles and therefore could be adsorbed on the clay surface. This is because the functionality of certain chemical materials comprising bacteria cell walls exhibit surface charges similar to colloids (Ademoroti 1996a) . Although the TCB content was significantly reduced, additional polishing may be required to meet discharge or reuse limits.
Studies on the use of DCT (Tables 8-10 ) gave effluents with outstanding quality characteristic over the effluents from SCT (Tables 5-7 ). The percentage removal of pollutants was above 90% for all the characteristics monitored which showed that doubling the column length improved quality characteristics.
Studies on the effects of repeated use of fortified clay on the performance efficiency (Fig. 4, 5, 6) showed that the quality of the effluent from each of the percolating media was stable at the initial period of the studies. Changes in these qualities were noticed after the initial stability period (5-6 days). The pH of effluents from each media was initially alkaline until a reduction in value was observed (Fig. 4A, 5A, 6A) . The initial alkalinity of these effluents could be ascribed to the presence of some alkali and alkaline earth metals (Ca, Mg, Na, K) on the exchangeable sites of clay which were exchanged for the pollutants in the wastewater, hydrolysed and formed the hydroxide responsible for the alkaline nature of the effluents. The change in pH value from alkaline to acidic could be ascribed to the products of aerobic and anaerobic digestion of the biodegradable fraction of the wastewater in the fortified soil-clay matrix. These products (volatile acids, H + and CO2) contributed to the increase in hydrogen ion concentration of the effluents from the percolator.
The amount of total solids in the effluent decreased with time during the entire period of studies (Fig. 4B , 5B, 6B). The soil-clay was fortified with pebbles to enhance water permeability but the presence of pebbles also serves as an inert media for microbial growth and attachment. Therefore, microorganisms are partially retained in the system as the wastewater passes through them (Dinges 1978; Dufer and Moyer 1978; O'Brian 1981) . These microorganisms help in the digestion of the biodegradable fractions of the solids which partially accounts for the reduction in TS with time. The reduction in TS could also have resulted from the buildup of solids (from trapped wastewater solids) which cause clogging. This impedes the passage of solids through the fortified column. There is a relationship between the DO and COD of the wastewater. An increase in the value of COD gives a consequential reduction in the amount of DO (Fig. 4C, 5C,  6C ). This is exemplified in the results obtained from the studies. The increment observed in the COD (Fig. 4D, 5D , 6D) was at the tail end of the period of studies. This could be ascribed to the exhaustion of the adsorption site with time and subsequent release or escape of some of the pollutant into the water matrix, which in turn depletes the DO.
Conclusions
The geochemical analysis of each soil-clay revealed that the materials used for these studies are hydrated aluminosilicate (i.e., clay). The mineralogical analysis showed kaolinite to be the major clay mineral present.
The results from analyses carried out on both treated and untreated water showed that fortified kaolinitic soilclays have high potential in industrial wastewater treat- The results obtained when the effects of repeated usage on the efficacy of the fortified clay minerals were investigated revealed that the water purifying strength of clay minerals dwindle with time. The results showed that fortified kaolinitic soil-clays have potential to remove contaminants from industrial wastewater but further pilotscale study is necessary to determine long-term effectiveness of the media and to further develop the technology.
ment. The performance of the two modes of treatment adopted, i.e., single and double column treatment methods, showed that water of higher quality characteristics could be obtained when the double column treatment method is employed. 
